Semiconducting, metallic and insulating nanowires are attractive building blocks in nanotechnology due to their small size and anisotropy. Moreover, it is possible to fabricate homogeneous or heterogeneous nanowires with high purity and crystallinity in a parallel and cost effective manner. Strategies have also emerged to position nanowires precisely on substrates to allow integration of nanoelectronic devices. In this chapter, we describe the fabrication and assembly of nanowires to form functional devices. Several fabrication strategies including vapor-liquid-solid (VLS) and electrodeposition in nanoporous templates are discussed. We detail advances made in the bottom-up integration of nanowires using patterned growth and directed assembly. Finally, some functional devices fabricated using nanowires are reviewed, and strategies to reduce errors and improve defect tolerance are discussed.
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Introduction
A nanowire is a nanoparticle whose diameter is much smaller than its length. Nanowires typically have diameters of 10-100 nm or less and lengths of 100 nm to tens of microns. Nanowires can be fabricated out of a wide range of materials including both inorganic and organic electrical conductors, semiconductors and insulators [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In contrast to other nanoparticle shapes such as polyhedra, rods and spheres, nanowires are long (length >> diameter); this length facilitates relatively easy integration with patterned micro and sub-micron device architectures. The high anisotropy in the properties of nanowires can also be an advantage in facilitating the propagation of electricity and light in specific spatial directions. Nanowires can also be fabricated with multiple heterogeneous segments, spaced precisely along the length of the nanowires. Nanowires have been fabricated of single crystal or amorphous materials, using a variety of methods. Functional devices such as diodes have also been fabricated within a single nanowire [14] . While a single nanowire device is itself a useful component, when positioned precisely on substrates, or when integrated with other nanowires, can result in integrated functional devices. Hence, the nanowire is often treated as a building block that will be used to construct nanoelectronic, nanophotonic and nanofluidic devices. The idea of using building blocks to fabricate and integrate functional devices from the bottom-up is motivated by the fact that in recent years, the conventional lithographic scaling down of microelectronic, photonic and microelectromechanical systems (MEMS) to the 50-500 nm length scale has encountered severe challenges in the cost-effective, mass production of devices and integrated systems. Hence, there is an increasing need to develop new nano-fabrication technologies to address the challenges of decreasing dimensions, in order to enable the era of nanotechnology.
In this chapter, we review methods to integrate nanowires with each other and with substrates with the end goal of fabricating functional devices from the bottomup. We will first review non-lithographic methods commonly employed to fabricate nanowires in a cost-effective and parallel manner. We will then discuss some approaches to assemble nanowires into integrated structures and devices. Finally, we will introduce several representative applications of integrated nanowire structures and devices, and some perspectives in the future assembly and integration of products and devices based on nanowires.
Nanowire (NW) Fabrication
Several non-lithographic methods are available to fabricate nanowires. The methods usually involve the spontaneous or templated growth of the nanowire using vapor or solution phase chemical reactions. In all cases, growth of the nanowire is directed preferentially along its long axis using chemical (e.g. a catalyst or surfactant) or physical (e.g. a porous membrane) methods. These methods are described below.
Vapor-liquid-solid (VLS) method
The vapor-liquid-solid (VLS) method for growing nanowires involves the chemical reaction between gaseous reactants and a liquid or molten catalyst to form nanowires on a solid substrate. VLS is the most attractive method for growing high purity, single crystal nanowires. As can be seen in Fig. 1(a) , the three stages in the VLS growth mechanism are alloying, nucleation and axial growth [15] . The nanowires produced generally have alloy droplets on their tips. The example shown in Fig. 1(b) typifies the process which includes a solid catalyst that forms an alloy with a gaseous reactant at elevated temperatures. The alloy then becomes supersaturated with the reactant, which causes nucleation of the nanowire and preferential axial precipitation (growth) of the nanowire from the liquid alloy surface. Using this process, single crystal nanowires composed of silicon, germanium, ZnO, GaN, and SnO 2 have been fabricated [15] [16] [17] [18] [19] [20] [21] [22] . Core-shell nanowires can also be fabricated by this method [23] . Other similar techniques, such as supercritical fluid-liquid-solid (SFLS) or supercritical fluid-solid-solid (SFSS) [24] [25] [26] , and solution-liquid-solid (SLS) [27, 28] methods have also been used to fabricate Si, Germanium, and CdSe nanowires. Reprinted with permission from [15] by American Chemical Society.
Solution phase synthesis
This process involves the formation of nanowires from a liquid precursor, usually in the presence of a catalyst or molecular template [29] [30] [31] [32] [33] . One common example is the reduction of silver or gold salts in the presence of polymers or surfactants such as polyvinylpyrrolidone (PVP) or cetyltrimethylammonium bromide (CTAB). The surfactants adsorb preferentially on specific crystalline faces and enhance or inhibit growth along those faces, thereby resulting in the spontaneous growth of nanowires (along the planes in which growth is preferred). In certain cases, solid crystalline seeds are also added to the solution, to initiate preferential axial growth along specific crystal faces. As an example, gold nanorods were prepared by the addition of ∼4 nm gold nanospheres as seeds and the subsequent reduction of metal salt with a weak reducing agent (ascorbic acid) in the presence of a surfactant to produce nanorods. By adding another component such as ascorbic acid, metal was preferentially deposited at the ends of the rods to from Dog-bone like nanowires [34] . In solution, a variety of parameters such as temperature, concentrations and surfactants can be varied to gain some control over the type of nanowires formed.
Electrodeposition in nanoporous templates
This method employs physical templates to direct the growth of nanowires within nanoporous membranes [35] [36] [37] [38] [39] [40] [41] . Nanoporous membranes are fabricated using track etching or anodic electrochemical methods; these membranes are also commercially available with pore sizes ranging from 15 nm to 500 nm and membrane thickness up to 60 μm. Briefly the process (Fig. 2[a] ) involves sealing one face of the membrane with a conductive seed layer. This seed layer is usually deposited onto the membrane using thermal or sputter evaporation. Single segment or multisegmented nanowires are then deposited in the membrane using an electrolytic solution containing the appropriate ions. The seed layer and a counter electrode immersed in the solution form the electrolytic cell. The length of the segments within the nanowires is restricted by controlling the current density or voltage, and the duration of electrodeposition process. Electrodeposition in templates is the most attractive method to fabricate nanowires with multiple segments (Fig. 2[b] ) and theoretically can be used to fabricate nanowires composed of any material that can be electrodeposited.
Electrospinning
Electrospinning is a simple and efficient way to produce polymeric nanowires, also called nanofibers. The basic set-up utilizes a syringe through which polymer solutions are driven; their surface tension at the tip, under high electric field, can be overcome resulting in the ejection of a charged jet. The electrical forces elongate the jet thousands or even millions of times and the jet becomes very thin, down to nanoscale. After the solvent evaporates, or the melt solidifies, long polymeric nanofibers can be collected on an electrically grounded metal sheet. As compared to other fabrication methods, electrospinning facilitates the formation of extremely long nanowires with well controlled curvature [42] [43] [44] [45] [46] [47] [48] [49] .
There are other non-lithographic methods that are used to fabricate nanowires including laser ablation and directed growth along step edges or crystal planes [50] . Nanowires can also be fabricated by stringing together particles using dielectrophoresis or biomolecules (viruses) [51] [52] [53] [54] . In all cases however the anisotropic growth of the nanowire occurs as a result of preferential growth of a material along one axis.
Nanowire (NW) Assembly and Manipulation
Although it is possible to manipulate and position nanowires using nanoscale tools such as scanning probe microscopes [55] , these processes are serial, slow and expensive. Hence, strategies need to be developed either to directly integrate the growth of nanowires to form the final device, or to assemble nanowires into functional devices. These strategies or processes need to be highly efficient (high speed and low cost), in order to enable a manufacturable nanoscale process.
Controlled or patterned growth
Since a number of processes used to grow nanowires involve a catalyst or a template, it is conceivable that by patterning the catalyst or template directly on a substrate, it will be possible to grow the nanowires at specific spatial locations so that they grow out of the substrates in specific directions (see Fig. 3 [a-b]) [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . This is an attractive strategy that has been explored to form nanoscale vertical or horizontal interconnects. In these cases, the growth of the nanowires occurs between two patterned microstructures and in doing so, the nanowires electrically connect with the substrates (see Fig. 3 [c-e]).
Self-assembly and directed assembly
Recently, the strategy of directed assembly has emerged as a highly parallel, costeffective fabrication methodology that is capable of generating fully 3D structures and integrated systems. Directed assembly of engineered structures is inspired by biological self-assembly; nature is able to mass produce a wide variety of complex 2D and 3D structures with sizes ranging from the sub-nanometer to the millimeter and beyond [73] [74] [75] [76] [77] . This methodology involves tumbling chemically patterned components in a fluidic medium, so that they can interact with each other, and form stable structures with precise function. The chemical patterning of components is engineered using a variety of forces that direct the orientation and binding of the components. This manufacturing paradigm has been largely unexplored in human engineering since the process is generally perceived to be indeterministic and uncontrollable. There are several strategies that have been explored in the past decade to direct the assembly of nanowires with each other and with substrates. We now review some of these strategies.
Molecular/Bio-molecular linkers
It is possible to direct the assembly of nanowires using molecular linkers that form chemical bonds with each other. The molecular linkers are first attached to the nanowires by exposing the nanowires to them (either in solution or vapor phase). Since there are a large variety of molecules that specifically bind to each other such as ligands and receptors, it is possible to incorporate a high degree of specificity to the assembly process. Several groups have also utilized biological molecules such as proteins, DNA, and even viruses to link nanoparticles together in complex architectures [78] [79] [80] [81] [82] [83] [84] [85] [86] . The advantage of using biological molecules to direct assembly is that they exhibit complex architectures that facilitate lock-key based recognition, cooperativity and hierarchy.
Electrical field-assisted assembly (including DEP)
Dielectrophoresis (DEP) is the motion of neutral particles under the influence of an external non-uniform electric field [87] . DEP arises when the neutral particles get polarized and experience different forces at the ends of the polarized dipole as a result of the non-uniform electric field experienced at these ends. The difference tends to force the polarized particles into regions of differing field strength. Pohl [87] outlines the case of a cylinder of radius a and length L; the force experienced (assuming the cylinder is initially at right angles to the applied field) can be approximated as,
where E is the magnitude of the field and ε 2 and ε 1 are the dielectric constants of the cylinder and medium, respectively. DEP requires relatively high field strengths and this required field strength depends on the difference in dielectric constant between the particle and medium in which DEP is being carried out. In media of low dielectric constant (ε = 2− 7) this is of the order 10 4 V/m, whereas in media of high dielectric constant (water, ε ∼ 80) lower fields (500 V/m) are adequate. These fields are easily achievable in microscale gaps even at small voltages, due to high field strengths and can be used to direct the assembly of nanowires. The nanowires are typically suspended in a solvent over contact pads across which a voltage is applied. The nanowires then move, experiencing a force that causes them to orient on the substrates relative to the contact pads. By changing the solvent, aspect ratio of the nanowires, geometry and spacing between the electrodes, and the frequency and field strength it is possible to direct both reversible and irreversible assembly of nanowires in a variety of architectures (Fig. 4) [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . The advantages of DEP are that the strategy can be scaled to the wafer level, such that the nanowires can be incorporated in parallel into many devices, with control over both placement and alignment.
Magnetic assembly
Magnetic force is another interaction that can be utilized to assemble and integrate nanowires. In order to facilitate magnetic assembly, either segments within the nanowire or the entire nanowire itself is constructed from ferromagnetic constituents such as nickel, iron, cobalt or alloys. When magnetized, these segments act like small magnets and orient themselves in an external magnetic field such that the energy is minimized. The nanowires interact with each other and with magnetic substrates such that they assemble into bundles and end to end networks [99] [100] [101] [102] [103] [104] [105] [106] . Magnetic forces can also be used to precisely position nanowires on substrates.
Holographic optical traps
In this approach, nanowires are dispersed in a fluidic medium on the stage of a light microscope and manipulated by either single or multiple diffraction-limitedoptical traps using a holographic optical tweezer. Optical tweezers utilize focused laser beams to apply a radiation force on particles, in order to trap and manipulate them. Optical traps are attractive for nanowire assembly since they can be used to manipulate nanowires in closed chambers with high spatial accuracy (<1 nm); they also are applicable to a wide range of materials. While manipulation with a single optical beam is a serial process, recently Grier's group has demonstrated that holographically projected arrays of optical traps can be used to manipulate nanowires in parallel and that semiconductor nanowires can even be rotated, cut and fused to assemble complex structures in 3D using holographic optical traps [107, 108] .
Langmuir-Blodgett technique
The Langmuir-Blodgett method uses the compression of nanowires (capped with surfactants) at a liquid interface, followed by transfer onto solid substrates. Nanowires, capped with surfactants are first dispersed in a fluidic medium, the surfactants cause the wires to float at the fluid-air interface. Solid barriers surrounding the nanowires are made to approach each other in a highly precise and well-controlled manner; the barriers compress the nanowires at the interface causing them to rotate, align and form closed packed ordered arrays. The main highlight of this technique is that it is possible to form ordered arrays of nanowires as large as tens of centimeters in a relatively straightforward manner [109] [110] [111] [112] [113] [114] .
Surface tension (capillary forces) based assembly
Although the aforementioned strategies have been very successful in directing the assembly of nanowires into 2D and 3D integrated structures, in many cases, the structures formed are not permanently bonded to one another, i.e. the assemblies although held together in the fluidic medium in which they are assembled, fall apart when taken out of the medium or during mild sonication. Additionally, in directed assembly between rigid nanocomponents, the strength and the extent of binding is proportional to the overlap area at the binding site between components. Any local roughness of the components (especially when the size approaches 100 nm) reduces the effective binding contact area due to asperities, and consequently decreases the strength and extent of binding. Hence, assemblies often consist of only a few bonded nanocomponents, and large scale integration is extremely challenging. It should be noted that in biological self-assembly, most of the components utilized in the assemblies are soft and deformable which allows the mating surfaces to conform to one another resulting in large contact areas for optimum binding.
Surface tension based assembly involves (i) modification of the surface energy of specific segments of the nanowires using hydrophobic organic molecules that attached preferentially to specific segments, (ii) precipitation of a hydrophobic or hydrophilic liquid layer on the modified segments, and (iii) agitation of the nanowires in a hydrophilic or hydrophobic medium to facilitate favorable interactions between nanowires, and direct the assembly process. When nanowires patterned with hydrophobic liquid layers collide with one another in a hydrophilic liquid, there is a tendency of the liquid layers on different nanowires to fuse with one another on contact, in order to minimize their surface free energy. This surface tension force between liquid layers on colliding nanowires is large enough to hold the wires together in the liquid [115, 116] . Since this kind of assembly involved binding between liquid layers (that are soft and deformable) patterned on the nanowires, the roughness of the nanowires does not hamper binding and it is possible to accomplish large scale integration. By patterning different hydrophilic and hydrophobic segments on the nanowire, and precipitating a polymerizable adhesive, it is possible to direct the assembly of nanowires into permanently bonded bundles or 2D endto-end networks (see Fig. 5 ).
Nanowire (NW) Integration
In order to fabricate a functional device using nanowires, it is often necessary to integrate the nanowires with other components such as contact pads and silicon substrates. It is important to note that although nanoscale components are attractive because their small size facilitates higher packing densities and enhanced functionality, actual devices tend to be on the macroscale (i.e. the scale of the human world). It is thus necessary to interface nanoscale components with micro and finally macroscale components in a hierarchical manner, so that the devices may be functional on the macroscale.
The semiconductor industry has utilized a top-down lithographic approach using patterning, etching, thin film deposition and polishing to fabricate devices with nanowires [117] . In this chapter we do not review this top-down approach, but will mention that there are limitations in terms of the cost-effective, parallel fabrication of devices with nanowires.
There are numerous strategies to integrate nanowires with microfabricated contact pads from the bottom-up. These involve direct growth, imprinting or directed assembly. For electrical devices, after assembly it is often necessary to form a robust electrical contact. When gold contacts are used, this can be done by annealing as gold diffuses relatively easily. However, for other materials this may not be possible. Our group has focused on investigating and developing the use of solder (low melting point metal or metal alloy) on the nanoscale to form electrical contacts. Soldering technology is one of the most widely used and dominant methods for microelectronics and device integration. Basically our strategy involves the fabrication of nanowires with solder deposited in regions where a robust electrical contact is needed. Figure 6 shows two basic approaches that can be used to solder nanowires to substrates and with each other to form electrically interconnected ordered structures or devices. The first approach is to directly put nanoscale solder onto the substrate, normally through electrodeposition, and then integrate (solder) functional nanowires onto the substrate to form robust electrical contact. Another approach is to fabricate nanoscale solder segments directly onto nanowires, and then solder them at the desired location. Solder reflow (melting) can be carried out in an inert atmosphere to bond nanowires to substrates or to each other, and it may even be done in a fluidic medium [105, 116, 118] . When a high current is applied to a functional (electrically-conductive) solder joint, the local heat effect breaks the solder joint resulting in an open circuit (electrically non-conductive), thereby acting as a nanoscale "fuse" (see Fig. 7 ). These features of nanoscale soldering can be utilized to integrate nanowires into practical devices. As compared to macroscale soldering, however, extra care must be taken to minimize corrosion, diffusion and oxidation of the solder segments during the process.
Nanowire (NW) Applications

Diodes and field effect transistors (FET)
Homogeneous semiconducting nanowires have been used as the active semiconductor material and have been integrated within field effect transistor stacks. Since semiconducting nanowires are naturally thin (as well as single crystalline), they eliminate the need for patterning of the active semiconductor layer in these devices. However, considerable lithography is required to integrate these semiconducting nanowires within devices. Recently, the fabrication of nanowire heterostructures has allowed the inclusion of semiconductors, dielectrics and metals within the same nanowire. Park et al have fabricated nanowire diodes by electrodepositing segmented nanowires composed of Au-polypyrrole (Ppy)-Cadmium (Cd)-Au [14] . In this case, the nanowire contains the semiconductor and metallic constituents within the same nanowire. Current voltage (I-V) measurements on devices constructed from single Au-Ppy-Cd-Au rods exhibited diode behavior at room temperature (see Fig. 8(a) ) [14] . Kovtyukhova et al have fabricated nanowires containing semiconducting, metallic as well as insulators to fabricate nanowire transistors [119] . These nanowires composed of metallic Au source and drain electrodes, the CdS (Se) semiconductor and the SiO 2 gate dielectric. The coaxially gated in-wire CdS and CdSe nanowire transistors were fabricated in nanoporous templates using a combination of surface sol-gel and electrochemical deposition techniques (Fig. 8(b) ). The I-V characteristics of the devices showed a field effect, which was more pronounced at negative drain voltages (See Fig. 8(b) ). Other efforts have also been made to fabricate nanowire-based diodes and field-effect-transistors [120] [121] [122] [123] [124] .
Sensors
Since the diameters of nanowires are small and often comparable to the size of biological and chemical species being sensed, their properties are often dramatically affected on adsorption of certain analytes [125] [126] [127] . The electronically switchable properties of semiconductor nanowires offer the possibility for a direct and label-free electronic readout. Sensors with changes in electronic responses are attractive since they can be readily used to trigger alarms, LEDs, readouts etc. Lieber's group has pioneered the use of semiconducting nanowires for sensing using a field effect transistor (FET) configuration [128] [129] [130] [131] . In the FET, the semiconducting nanowire (with a diameter as small as 2 nm) is placed on top of a gate dielectric (and gate) and bridges source and drain electrodes. The one dimensional morphology of the nanowire ensures that the adsorption of an analyte at the surface of the nanowire leads to large changes in carrier mobility since the surface of the nanowire forms a large fraction of the bulk of the nanowire. Using this strategy, pH, protein, DNA and virus sensors have been fabricated with extremely high sensitivity e.g. electrical detection of 10fM concentration of DNA. For detection of biological moieties such as viruses, it is sometimes necessary to functionalize the nanowire surface using molecular receptors such as antibodies. For example, virus solutions with concentrations of 10
−18
M bound to p-type Si nanowire devices (modified with the monoclonal antibody for influenza) and produced well-defined discrete detectable conductance changes.
Photonics
Nanowires fabricated with III-V and II-VI direct band gap semiconductors have been used as building blocks to produce multicolor, electrically driven nanophotonic systems [132] [133] [134] [135] [136] [137] [138] [139] [140] . Moreover due to their anisotropic geometry, as noted by Duan et al. [136] , when single crystal nanowires are used with flat ends, the nanowire itself can behave as a Fabry-Perot optical cavity with modes m λ 2n 1 = L, where m is an integer and L is the length of the nanowire. Since the light is constrained to within the nanowire, the nanowires were noted [136] to function as efficient lasing structures. These nanowire lasers were demonstrated using an n-type CdS nanowire laser cavity assembled onto p-Si electrodes (see Fig. 9 ). The structure produced an n-CdS nanowire/p-Si heterojunction similar to a p-n diode that was used for injection. Images of room temperature electroluminescence produced in forward bias from these hybrid nanowire structures exhibited strong emission with narrow lasing lines. In reverse bias, nanowire light emitting diodes can function as photodiodes which were reported [139] to offer polarization dependent ultrasensitive detection limits of ∼100 photons with unprecedented spatial resolution of 250 nm × 250 nm. As compared to planar devices, a clear advantage of nanowire-based optical structures is the ability to combine ultrapure, single crystalline materials to achieve the required device function. By varying the chemical composition of different nanowires materials and junctions it is possible to create nanoscale light emitting sources and detectors emitting at different wavelengths.
Solar Cells
Dense arrays of oriented, crystalline dye sensitized zinc oxide nanowires have been used to fabricate solar cells (see Fig. 10 ) [141] . As opposed to thick films of zinc oxide or nanoparticle films, the advantage of using a nanowire film includes high internal surface area and direct electrical connections between nanowires for efficient and rapid carrier collection in the device. The full Sun efficiency of 1.5% was demonstrated. A switch from particles to wires also improved the charge transfer rates at the dye-semiconductor interfaces, due to a high number of single crystal planes, accounting for 95% of the surface area of the wires.
Defects and Errors
One of the big issues in self-assembly is that the structures that result have defects in them. At the present time, since the methodology of self-assembly is still in its infancy, quantitative studies on yield and reliability of structures have largely been ignored. As the methodology of fluidic assembly matures, it will be crucial that yields are quantified. Along with the identification of predominant defect modes, it is necessary to design assemblies that are inherently defect resistant. One strategy involves minimizing unfavorable interactions and maximizing favorable ones. In essence, it is necessary to design energy landscapes that are smooth, with a large funnel shaped global energy minimum, so that erroneous assemblies do not form as a result of the structure being trapped in a weak local minimum. An example of such a design was used in the demonstration of millimeter scale 3D networks by self-assembly [75] . In that case it was necessary to use patterns of solder dots on square faces of polyhedra to form electrical connections. Every pattern of solder dots results in a different energy landscape for the self-assembly. As an example, two patterns investigated are shown in Fig. 11 (a-b) . The two patterns have four-fold rotational symmetry, but due to the enhanced local asymmetry of pattern b, a much smoother potential energy landscape results. When experiments were done with the pattern in Fig. 11(a) , several erroneous attachments were observed including those in which only one dot on the mating faces was bonded. When patterns such as those in Fig. 11(b) were used, perfect assembly was obtained. A simulation of the energy landscape is shown in Fig. 11(c) [142] . There is a large global minimum and relatively weak local minima. It is believed that biological self-assembly such as protein folding, that occurs with incredible fidelity, is based on such funnel shaped potential energy landscapes.
It is possible to have structures function at the system level even in the presence of defects. For example, the fault tolerant system developed at Hewlett Packard [143] had 220,000 defects, demonstrating that it may be feasible to utilize and assemble chemical components with considerable defects, and still construct a functional computational network. Systems and architectures [143] [144] [145] [146] that display this feature are called fault or defect tolerant. One of the easiest ways to incorporate defect tolerance into a system is to increase redundancy. This redundancy implies that Figure 11 . The design of energy landscapes for self-assembly that minimize errors. For binding between solder dots on square faces, a pattern of dots in (b) results in less errors than that shown in (a). This decrease in errors is due to the fact that the potential energy surface that results is smoother, with a larger global minimum and relatively weak local minima. (c) The actual surface energy plotted as a function of displacement in the plane of the pattern for assembly of two faces. Reprinted with permission from [142] by the Institute for Electrical and Electronics Engineers, Inc.. As can be seen, there exists a strong funnel shaped global minimum.
there exist multiple connections that serve the same function. Scale free network architectures are also inherently more robust and defect tolerant (see Fig. 12 ) [143] .
Finally it is also possible to incorporate error correction schemes after integration using pick and place tools. However, it should be noted that this process will be serial and expensive. Figure 12 . Schematic of a "fat tree" architecture. Reprinted with permission from [147] by The American Association for the Advancement of Science.
Conclusions and Perspective
In summary, nanowires are attractive building blocks for the fabrication of nanoscale electronics and devices. Various techniques are available for the facile fabrication of functional nanowire building blocks such as diodes and field effect transistors. Directed assembly and controlled growth are attractive bottom-up strategies to assemble the nanowires into functional devices. The critical challenges involve improving device to device variability, yields and defect tolerance. Moreover, studies need to be done to test reliability of these nanowire devices before they can be fully implemented. However, as an alternative to expensive top down methods for fabricating nanoscale devices, nanowire assembly and integration from bottom-up will continue to offer a promising alternative.
